Membrane engineering can offer an important contribution in realizing sustainable industrial development. It provides opportunities to redesign the conventional process of engineering in the logic of Process Intensification. Relatively new and less exploited membrane operations offer innovative solutions to the scarcity of raw materials, freshwater and energy. Here, we identify the most interesting aspects of membrane engineering in some strategic industrial sectors. Several cases of either successful or innovative membrane technologies are discussed.
Introduction
Freshwater, energy and raw materials are among the fundamental commodities required to maintain the sustainable development of planet earth. The demand of these utilities has increased largely due to the modern life style and rapidly increasing population. The energy consumption has already increased by six fold compared to its demand in 1950. Demand for water is expected to increase in all sectors of production and, by 2030, the world is projected to face a 40% global water deficit under the business-as-usual (BAU) scenario [1] . Excessive exploitation of the conventional sources of these commodities, adopted to bridge the gap between demand and supply, has put these resources under extreme stress [2] . As a result, there is a strong motivation to find the more sustainable alternative solutions to fulfill the demand of these commodities in desired quantity and quality. More sustainable approaches may include finding the innovative sources for the production of these utilities and redesigning of the processes to reduce their primary consumption and increasing their reuse, minimizing water needs. Nature does not produce water, and modern and future process engineering has to learn how to do it. In all scenarios, membrane technology can play a fundamental role to achieve the objective of sustainable production. The potential of membrane technology in process industry is evident from the fact that the membrane operations have outclassed their traditional counterparts, on the basis of process intensification metrics, developed to quantify their suitability with respect to conventional operations [3] .
Membrane Operations in Sustainable Development: Case Scenario

Desalination
The concept of desalination (i.e., removal of salts and contaminants from water) is centuries old and has been practiced in various civilizations. Historically, the desalination has been achieved through distillation, also mentioned by Aristotle in his Meteorologica. However, the major commercial scale developments in distillation took place during 1930s, in regions where freshwater sources were not enough to fulfil the local water demand. However, the developments in desalination sector have been fueled during the last few decades due to the increased population, growing urbanization, huge industrialization, increase in middle class population in the developing countries and depleted water sources due to increased abstraction and change in weather patterns. These developments have put pressure on conventional water sources in terms of its consumption and pollution. Consequently, much growth has been observed in the desalination sector. According to the International Desalination Association, in the first half of 2016, the amount of global contracted capacity in desalination plants was 95.59 million m 3 /day and the global online capacity was 88.56 million m 3 /day, a total increase of 2.1 million m 3 /day in new desalination capacity over 2015 [4] . The major distillation techniques adopted for desalination include multi-stage flash, multi-effect distillation, vacuum vapor compression etc. These techniques utilize mainly thermal input to produce the vapors from brackish or seawater which are then condensed to get pure water. The energy consumption of these techniques, however, is enormously high. Aside from that, the footprint and weight of the used equipment are very large and corrosion issues are very serious. To overcome the drawbacks of thermal desalination techniques, the membrane based desalination started emerging in 1950's [5] . The main breakthrough was the formation of asymmetric thin film membrane for reverse osmosis (RO) by Loeb and Sourirajan [6] . Over the period of time, major improvements in RO process have been taken place and the cost of RO process has reduced more than 50% only in the last two decades. Overall, the current RO process consumes ten folds less energy than its conventional thermal counterparts. The polymeric membranes, generally applied in RO, solved the corrosion issues associated with thermal desalination techniques. However, new environmental and economic goals are driving another revolution in desalination. Limited recovery factor of RO (50% typically), brine disposal issues, rigorous pretreatment requirements and the interest in reducing the energy consumption are further driving the interest in investigating better alternatives for desalination. New materials, technologies and rationales with the potential to go beyond the inherent barrier of RO are being investigated. The main new interesting membrane operations being considered to address the drawbacks of RO include membrane distillation (MD) and forwards osmosis (FO). The performance of the former is only marginally dependent upon the feed concentration and the operation can be carried out by using low-grade energy. Pretreatment requirements are supposed to be less stringent, thus reducing the use of chemicals. These operations can be integrated with the existing thermal and membrane based desalination techniques or as standalone process. MD, integrated at RO brine treatment, can achieve the objective of zero liquid discharge in desalination [7] .
Despite its repeatedly stated advantages, the progress of MD at commercial scale has been slow. A timeline of MD developments is shown in Figure 1 [8] . The figure indicates that the progress during first three decades had been very slow and most of the studies were of fundamental nature focusing at the basic understanding of the process and its various configurations. In emerging phase, several European projects were launched on investigating the potential of the technology for desalination applications. Special emphasis was put on exploiting the solar energy to fulfil the energy requirements of the process. Some small companies such as Aquastill (Netherlands), Solar Spring (Germany), Memsys (Germany) etc. also appeared during this period. The period after 2010 can be declared as growth phase where Aquaver (Netherlands) and Blue Gold Technologies (USA) have appeared. Some commercial scale developments are under the way. GE Water (USA) and Memsys Cleanwater Pvt Ltd (Singapore) have developed a pilot scale unit consisting of 50 m 2 membrane area to treat 50 m 3 /day of produced water with concentration ranges from 150 to 230 g/L [9] . MD pilot unit with a capacity of 100 m 3 /h is being developed under the Global MVP project [10] . On the basis of the experimental data from the set-up, the possibility of upscaling the process in integration with other innovative operations will be considered. A small scale MD set-up with a capacity of 10000 L/day is already in operation in Maldives [10] . 
Energy Consumption and Production
Separation, concentration and purification of molecular mixtures are the key requirements in process industry, underlying the importance of efficient separation in this sector. The state-of-the-art norms to achieve these objectives include distillation, extraction, crystallization, adsorption and ion exchange technology. These technologies are energy intensive in nature and generally mark a large footprint. To alleviate these drawbacks of the conventional processes, membrane operations have demonstrated their potential to perform the same operation with far less energy consumption [11] . Relatively less explored membrane operations, such as membrane distillation (MD) and forward osmosis (FO), are able to exploit the sources of low-grade energy to fulfil their operational energy requirements and thus, almost eliminating the motivation to consume high-grade energy [10] , [12] . Additionally, the footprint, safety level, automation and monitoring, ease to scale-up and product quality of membrane processes is higher than the conventional counterparts. Aside reducing the energy consumption, new membrane operations are also capable to produce green energy by using sustainable resources. Pressure retarded osmosis (PRO) and reverse electrodialysis (RED) are being investigated at various scales to achieve this objective in techno-economic viable way [13] . The operation principle of PRO is the extraction of water from low to high salinity solution separated through a semipermeable membrane. The pressure generated at the high-salinity-solution compartment can be converted into electricity by using a hydro-turbine as shown in Figure 2 . By exploiting the extractable global potential of 980 GW, the salinity-gradient-energy can fulfil 20% potential of current global energy demand [3] . PRO and RED can be integrated with the existing desalination capacities to use their brine as the high concentration solution. This improves the performance of PRO and RED and assists the desalination plants to handle the disposal issue of the brine [14] . The technical and economic feasibility of PRO for commercial scale applications is currently being investigated under the projects such as Mega-tone and Global MVP [3] . The first RED unit working with real streams in natural environment has been installed under REAPower project [15] . The unit had a membrane area of 50 m 2 and could give a power output of approximately 40 W (1.6 W/m 2 of cell pair) by using real solutions (brackish water and saturated brine). The initial results were promising and no significant technical issues were observed. Inspired from these results, the plant was upscaled to a capacity of 1 kW. To achieve this objective, the membrane area was increased to 400 m 2 [16] . With the nominal capacity of 1 kW, the plant could achieve power capacity of 700 W using artificial brine and brackish water. The power capacity reduced to 50% when real solutions were used. Commercial scale implementation of PRO and RED is hampered by several factors. The fundamental issue for both technologies is the unavailability of suitable membranes. For PRO, the membranes must exhibit high permeability, low reverse salt diffusion, minimum fouling and very high mechanical strength to withstand against the applied pressure. PRO process is severely limited by internal concentration polarization (ICP) in the porous membrane support, i.e.: (i) the accumulation of rejected solute from low concentration feed when the dense active layer is oriented towards the draw solution (i.e., support facing the feed water) or (ii) the dilution of draw solution concentration when the active layer is facing the feed water. Internal concentration polarization (due to the increase of concentration inside the membrane) should be minimized by properly designing the support layer of the membrane. At the overall system level, better pretreatment strategies and energy conversion systems are needed. For what concerns RED, currently membrane price counts for 50%-80% of the capital cost. Therefore, the process will become economically viable when membrane price will be reduced. More specifically, the membrane price should decrease from the existing price of 10-30 euros/m 2 down to 2-5 euros/m 2 . The composition and concentration of high concentrated solution should be optimized. Better and cheap pretreatment of low concentrated solutions need to be sought. Better pumping systems capable to reduce the energy associated with circulation of the two streams are also needed.
In addition to PRO and RED, MD is also emerging as a candidate to produce energy [18] , [19] . Operational principle of MD involves the use of a microporous hydrophobic membranes that allows the passage of vapors only. The vapors are condensed on the other side by using different approaches, depending upon the configuration. In direct contact membrane distillation (DCMD), cold water is used as the condensing media. Hydrophobic membrane material and small pore size resists the penetration of liquid into the pores from either sides of the membrane. Under the constant volume, the condensing vapor create the pressure on condensing (permeate) side of the membrane which, similar to PRO, can be used to run a hydro-turbine as shown in Figure 3 . Thus MD can be used for the simultaneous production of freshwater (and also raw materials when operated as membrane crystallization) and energy. However, for commercial viability of this concept, better membranes with improved hydrophobic properties (liquid entry pressure > 10 bar) are required. Figure 3 . The concept of simultaneous production of freshwater, energy and raw materials through MD. Reproduced with permission from [19] . Copyright Elsevier, 2018.
Raw Material Production
Membrane crystallization (MCr) has been used in several investigations to assess its potential for raw materials recovery from brine and wastewater steams [20] . The process fundamentally exploits the potential of MD to concentrate the solutions to their saturation level. The concept was introduced in 2002 by Drioli et al. [21] ; the process has been successfully applied at lab-scale for the recovery of several salts and other compounds from wastewater streams [22] - [24] . In addition to the salts recovery, the process increases the freshwater recovery from the brine and offers an elegant way to achieve the inspiring objective of zero liquid discharge in desalination [25] . From economical perspective, it has been calculated that the water production cost can become negative if the sale of the recovered salt is also considered [26] . Recovery of salts through MCr has been mostly carried out by using direct contact configuration, however, a current study [27] suggests that this configuration is not suitable when crystallizing salts, such lithium chloride, which have very high solubility. Highly soluble salts at high solution concentrations possess high osmotic pressure which can overcome the vapor pressure induced by the thermal energy provided to the solution and thus the system exhibits a net negative flux as shown in Figure 4 . In order to overcome this limitation, an alternative configuration i.e. vacuum MCr (VMCr) has been proven suitable [27] . In VMCr, the condensing media (cold water in case of direct contact MCr) is replaced with the vacuum, thus the suction of water from the other side of the membrane is eliminated. Air gap MCr may also be suitable for such scenario, however, no specific study has been carried out on these lines so far by using air gap MCr. The further area of research on MCr should focus on developing anti-scalant membranes and techniques, better system for recovery of crystals from the magma and efficient techniques/strategies to separate the co-precipitating crystals of different salts. Improved understanding of membrane fouling and scaling is needed. The appropriate membrane features including membrane thickness, conductivity, surface roughness and appropriate module lengths need to be specified. 
Industrial Waste Gases Exploitation
Water consumption by industries represents around 22% of water global consumption. Its largest single use is in power generation. A coal-fired power station requires 1.6 liters of water per kWh of energy produced, or, in other words, a 500 MW thermoelectric power plant utilizes 45,000 m 3 /h of water. Up to now, much effort has been put in the treatment and reuse of wastewater "produced" or "released". In contrast, despite there are always huge quantities of water emitted in the air, there is not an available commercial technology for evaporated wastewater treatment and recovery. Moreover, the new stringent rules on emissions in the atmosphere limit the amount of vapor that can be discharged due to the environmental concerns that these emissions imply in terms of greenhouse effects. Therefore, the separation and recovery of the water contained in the waste gaseous streams, on one hand is a constrain to be addressed, on the other can represent a new source of water.
Based on the results achieved in MD technology, in the last years another membrane-assisted technology for water recovery from gaseous stream is in its developing phase: membrane-assisted condensation. The latter belongs to membrane contactor processes. Its operating principle consists in condensing and recovering the water contained in a saturated gas. For reaching its goal, membrane condenser uses a hydrophobic membrane that impedes to the water droplets present in a saturated gas to pass through. Moreover, the hydrophobic membrane promote water vapor condensation due to the reduced activation energy of heterogeneous condensation. It has been demostrated that, in general, more than 65% of the water present in the gaseous waste stream (with temperature of the gaseous stream from 40 °C to 80 °C) can be recovered with cooling lower than 20 °C [28] . Moreover, depending on the chemical-physical properties of the membrane and on the process parameters (temperature, relative humidity, flowrate, etc.), the composition of the recovered liquid water can be controlled very precisely [29] . The possibility of controlling, by opportunely tuning the operating conditions, the condensation of contaminants suggests two different options for its use: as a unit for water recovery, minimizing the contaminants content, or, as the pre-treatment stage, forcing most of the contaminants to be retained.
Conclusions
In recent years, there has been increasing demand for materials, energy and products that are driving scientists and engineers to propose new solutions able to promote development while still supporting sustainable industrial growth. Membrane engineering can offer significant assets to this development. Practically all of the typical unit operations of process engineering could be redesigned as membrane unit operations (membrane distillation, membrane crystallizer, membrane condensers, etc.).
The significant positive results achieved in various membrane systems are, however, still far from realizing the potentialities of this technology. There are still problems related to pre-treatment of streams, membrane life time, aging, fouling, and sealing, slowing down the growth of large-scale industrial use. A good understanding of the materials properties and transport mechanisms, as well as the creation of innovative functional materials with improved properties, are key challenges for a further development of this technology, which requires further intensive research activities both at academic and industrial level.
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